Fremanezumab-vfrm (hereafter referred to as fremanezumab) [AJOVY™] is a fully humanized monoclonal antibody (IgG2Δa) developed by Teva Pharmaceuticals to selectively target calcitonin gene-related peptide (a vasodilatory neuropeptide involved in the pathophysiology of migraine). Its use has been associated with significant reductions in migraine frequency, the requirement for acute headache medication use and headache-related disability compared with placebo in multinational, phase III studies, and in September 2018 fremanezumab was approved by the US FDA for the preventive treatment of migraine in adults. A regulatory assessment for fremanezumab as a preventive treatment of migraine in adults is underway in the EU. Fremanezumab is also undergoing phase III development for the preventive treatment of cluster headache (although a phase III chronic cluster headache study has been suspended due to the results of a prespecified futility analysis) and phase II development for the preventive treatment of post-traumatic headache disorder. This article summarizes the milestones in the development of fremanezumab leading to this first approval in the USA for the preventive treatment of migraine in adults.
Introduction
Migraine is a complex neurological disorder with a substantial societal effect [1] . While its underlying pathophysiology is not completely understood, it is thought to involve activation of the trigeminovascular system. Such activation results in the release of various neuropeptides, including the potent vasodilator calcitonin gene-related peptide (CGRP). CGRP is present throughout the central and peripheral nervous system [1] . Its release induces vasodilation and neurogenic inflammation in leptomeningeal and extracranial vessels, resulting in the throbbing pain typical of migraine [2] . Blocking CGRP or its receptor has thus emerged as a promising option for the preventive treatment of migraine [1] .
Fremanezumab-vfrm (hereafter referred to as fremanezumab) [AJOVY™] is a fully humanized monoclonal antibody (IgG2Δa) that binds to CGRP, thereby blocking its binding to the receptor [3] . It is being developed by Teva Pharmaceuticals and in September 2018 was approved by the US FDA for the preventive treatment of migraine in adults [3, 4] . The recommended dosage is 225 mg once every month or 675 mg once every 3 months (administered as three consecutive injections of 225 mg each), administered subcutaneously [3] . Fremanezumab should not be administered at the exact location of the previous injection and should not be coadministered with other injectable drugs at the same injection site [3] . A regulatory assessment for fremanezumab as a preventive treatment of migraine in adults is underway in the EU [5] . Phase III development of fremanezumab is ongoing for the preventive treatment of cluster headache [6] . However, a phase III chronic cluster headache study has been suspended due to the results of a prespecified futility analysis [6] . Fremanezumab is undergoing phase II development for the preventive treatment of post-traumatic headache disorder [7] .
Company Agreements
In January 2013, Labrys Biologics acquired the worldwide rights to fremanezumab from Pfizer [8] . Under the terms of the agreement, Pfizer will be eligible to receive milestone payments and sales royalties [8] . In July 2014, Teva Pharmaceutical Industries (hereafter referred to as Teva) acquired This profile has been extracted and modified from the AdisInsight database. AdisInsight tracks drug development worldwide through the entire development process, from discovery, through preclinical and clinical studies to market launch and beyond. Labrys Biologics (and the fremanezumab programme) for an upfront payment of US$200 million and contingent payments of up to US$625 million (subject to the achievement of certain development milestones) [9, 10] . In May 2017, Teva and Otsuka Pharmaceuticals (hereafter referred to as Otsuka) entered into a development and commercialization agreement [11] . Under the terms of this agreement, Otsuka acquires exclusive rights to fremanezumab and will fund clinical studies in Japan, while Teva receives a payment of US$50 million and will be eligible for milestone payments upon filing and regulatory approval in Japan and upon the achievement of revenue targets [11] .
Scientific Summary

Pharmacodynamics
Fremanezumab is a fully humanized monoclonal antibody (IgG2Δa) that selectively targets both the α and β isoforms of CGRP (a 37 amino acid neuropeptide involved in the pathophysiology of migraine) [3, 12] . By binding to CGRP, fremanezumab prevents CGRP binding to its receptor [3] . However, the relationship between the pharmacodynamic activity and the mechanism(s) by which fremanezumab exerts its clinical effects is not yet known [3] . In vitro, fremanezumab blocked the CGRP-induced dilation of human intracranial (cerebral cortical and middle meningeal) and abdominal arteries [13] .
Pharmacokinetics
Fremanezumab exhibited dose proportionality over a 225-900 mg dose range, according to a population pharmacokinetic (PPK) analysis [3] . Following the administration of a single subcutaneous 225, 675 and 900 mg dose, the median time to the maximum fremanezumab concentration was 5 to 7 days. Steady state was reached at ≈ 6 months and the median accumulation ratio was ≈ 2.3 and 1.2 following therapy with subcutaneous fremanezumab 225 mg once every month and subcutaneous fremanezumab 675 mg once every 3 months [3] . Fremanezumab (with an apparent volume of distribution of ≈ 6 L) appears to be minimally distributed to the extravascular tissues [3] . As with other monoclonal antibodies, fremanezumab is degraded into small peptides and amino acids by enzymatic proteolysis. Its estimated half-life is ≈ 31 days [3] .
The pharmacokinetic parameters of fremanezumab 225, 675 and 900 mg were similar between Japanese and Caucasian healthy volunteers, according to a phase I study [14] .
Interactions with concomitant medications that are inducers, inhibitors or substrates of CYP enzymes are considered unlikely (as fremanezumab is not metabolized by CYP enzymes) [3] . According to a PPK analysis, acute treatment medications (specifically analgesics, ergots, and triptans) did not affect fremanezumab exposure [3] .
Therapeutic Trials
Therapy with fremanezumab was associated with significant reductions in migraine frequency, the requirement for acute headache medication use and headache-related disability compared with placebo in adults (aged 18-70 years) with episodic migraine [15] and chronic migraine [16] participating in two randomized, double-blind, multinational, phase III studies [NCT02629861 (Study 30050) [15] ; NCT02621931 (Study 30049) [16] ].
In Study 30050 [15] , patients with episodic migraine received subcutaneous injections of fremanezumab 225 mg once every month (i.e. monthly fremanezumab) [ At baseline, the mean number of monthly migraine days was 8.9, 9.2, and 9.1 in the respective groups. A significantly (p < 0.001) higher proportion of patients receiving monthly fremanezumab and quarterly fremanezumab than placebo achieved a ≥ 50% reduction from baseline at month 3 in the mean number of monthly migraine days (47.7 and 44.4 vs. 27.9%). Moreover, the LSM change from baseline at month 3 in the mean number of monthly days requiring acute headache medication use was significantly lower with monthly fremanezumab [− 3.0 vs. − 1.6; between-group difference of − 1.4 (95% CI − 1.84 to − 0.89); p < 0.001] and quarterly fremanezumab [− 2.9 vs. − 1.6; between-group difference of − 1.3 (95% CI − 1.76 to − 0.82); p < 0.001] than placebo. At baseline, the mean number of monthly days requiring acute headache medication use was 7.7, 7.9 and 7.7 in the respective groups. The LSM change from baseline at month 1 in the mean number of monthly migraine days was significantly lower with monthly fremanezumab [− 3.5 vs. − 1.7; between-group difference of − 1.8 (95% CI − 2.43 to − 1.18); p < 0.001] and quarterly fremanezumab [− 3.3 vs. − 1.7; between-group difference of − 1.6 (95% CI − 2.22 to − 0.97); p < 0.001] than placebo, indicating an early treatment benefit. Both monthly fremanezumab and quarterly fremanezumab were also significantly (p ≤ 0.002) more effective than placebo in terms of the LSM change from baseline at month 3 in the mean number of monthly migraine days in patients not receiving concomitant migraine preventive medication and the Migraine Disability Assessment (MIDAS) score. At baseline, 21% of patients were using preventive medications. Sensitivity analyses demonstrated that the results of the primary analyses were robust [15] .
In Study 30049 [16] , patients with chronic migraine received subcutaneous injections of monthly fremanezumab (consisting of a 675 mg dose at baseline followed by 225 mg doses at months 1 and 2) [n = 375], quarterly fremanezumab (consisting of a 675 mg dose once every 3 months) [n = 375] or placebo (n = 371) for 3 months. The LSM change from baseline at month 3 in the average number of monthly headache days (primary endpoint) was significantly lower with monthly fremanezumab (− 4.6 vs. − 2.5; between-group difference of − 2.1; p < 0.001) and quarterly fremanezumab (− 4.3 vs. − 2.5; between-group difference of − 1.8; p < 0.001) than placebo. At baseline in the respective groups, the mean number of headache days was 12.8, 13.2 and 13.3 and the mean number of days with headache of any severity or duration was 20.3, 20.4 and 20.3. Monthly fremanezumab (− 5.0 vs. − 3.2; between-group difference of − 1.8; p < 0.001) and quarterly fremanezumab (− 4.9 vs. − 3.2; between-group difference of − 1.7; p < 0.001) were associated with a significantly lower LSM change from baseline at month 3 in the average number of monthly migraine days than placebo. At baseline, the mean number of migraine days was 16.0, 16.2 and 16.4 in the respective groups. A significantly (p < 0.001) higher proportion of patients receiving monthly fremanezumab and quarterly fremanezumab than placebo achieved a ≥ 50% reduction from baseline at month 3 in the average number of monthly headache days (40.8 and 37.6 vs. 18.1%). Moreover, the LSM change from baseline at month 3 in the average number of monthly days requiring acute headache medication use was also significantly lower with monthly fremanezumab (− 4.2 vs. − 1.9; betweengroup difference of − 2.3; p < 0.001) and quarterly fremanezumab (− 3.7 vs. − 1.9; between-group difference of − 1.8; p < 0.001) than placebo. The LSM change from baseline at month 1 in the average number of monthly headache days was significantly lower with monthly fremanezumab (− 4.5 vs. − 2.1; between-group difference of − 2.4; p < 0.001) and quarterly fremanezumab (− 4.4 vs. − 2.1; between-group difference of − 2.3; p < 0.001) than placebo, indicating an early treatment benefit. Both monthly fremanezumab and quarterly fremanezumab were also significantly (p < 0.001) more effective than placebo in terms of the LSM change from baseline in other secondary endpoints [average number of monthly headache days at month 3 in patients not receiving concomitant migraine preventive medication and six-item Headache Impact Test (HIT-6) score]. At baseline, 21% of patients were using preventive medications [16] . Patients in Studies 30050 [15] and 30049 [16] had a ≥ 12-month history of migraine and had experienced episodic migraine (defined as a headache occurring on 6-14 days, with a migraine occurring on ≥ 4 days) [15] or chronic migraine (defined as a headache occurring on ≥15 days, with a migraine occurring on ≥8 days) [16] during the 28-day pre-treatment period (i.e. baseline). Patients who had previously failed ≥ 3 months' treatment of episodic or chronic migraine with ≥ 2 clusters of preventive medications were among those excluded [15, 16] . At baseline, 96% of 875 patients [15] and 95% of 1130 patients [16] were using acute headache medications. Endpoints were evaluated in a hierarchical manner [15, 16] . A migraine day was defined as a day in which headache pain (which met the criteria for migraine with or without aura, or probable migraine) lasted for ≥ 2 h [15] or ≥ 4 h [16] , or a day in which headache pain (of any duration) was treated with acute migraine-specific medication (triptans or ergots). A headache day was defined as a day in which headache pain lasted for ≥ 4 h and had at least a moderate peak severity, or a day in which headache pain (of any duration) was treated with acute migraine-specific medication [16] . The MIDAS [15] and HIT-6 [16] questionnaires assess headache-related disability. Analyses were conducted in the modified intent-to-treat population [15, 16] . Results from Studies 30050 and 30049 are supported by those from two randomized, double-blind, placebo-controlled, multicentre, phase IIb studies in adults (aged 18-65 years) with episodic migraine (NCT02025556; n = 294) [17] and chronic migraine (NCT02021773; n = 261) [18] . In these studies, patients received subcutaneous injections of monthly fremanezumab (consisting of a 225 or 675 mg dose at baseline and months 1 and 2 [17] ; consisting of a 675 mg dose at baseline followed by 225 mg doses at months 1 and 2, or a 900 mg dose at baseline and months 1 and 2 [18] ) for 3 months. Compared with placebo, both fremanezumab regimens in each study met the primary endpoint (LSM change from baseline during the last month of treatment in the number of migraine days [17] or the number of headache hours of any severity [18] ). A migraine day was defined as a day in which migraine with or without aura, or probable migraine (lasting for ≥ 4 h, or any duration if acute migraine-specific medication was administered) occurred [17] .
Key clinical trials of fremanezumab
Preliminary data (available as abstracts) from an ongoing, randomized, double-blind, multinational, phase III study (NCT02638103; HALO) suggested that reductions in migraine frequency were maintained during longer-term (up to 12 months) therapy with fremanezumab [19] [20] [21] . In this longer-term study, patients (who had completed Study 30050 or Study 30049, or were directly enrolled) received subcutaneous injections of monthly fremanezumab [consisting of a 225 mg (patients with episodic migraine) or 675 mg (patients with chronic migraine) dose at baseline followed by 225 mg doses at months 1 and 2)] or quarterly fremanezumab (consisting of a 675 mg dose once every 3 months) [19] . In the monthly and quarterly fremanezumab groups, the mean change from baseline (of the core studies, where applicable) at 6 months in the number of monthly migraine days was − 4.9 and − 5.0 days in patients with episodic migraine (n = 780) and − 7.9 and − 6.5 days in patients with chronic migraine (n = 1180) [19] . Moreover, in the respective groups, 61 and 65% of patients with episodic migraine achieved a ≥ 50% reduction from baseline at month 6 in the average number of monthly migraine days [20] and 56 and 51% of patients with chronic migraine achieved a ≥ 50% reduction from baseline at month 6 in the average number of monthly headache days of at least moderate severity [21] .
Adverse Events
At least one treatment-emergent adverse event (TEAE) was reported in 66.2, 66.3 and 58.4% of patients receiving monthly fremanezumab, quarterly fremanezumab and placebo (n = 290, 291 and 293), respectively, in Study 30050 [15] , with ≥ 1 TEAE occurring in a significantly (p = 0.03) higher proportion of patients receiving monthly fremanezumab, but not quarterly fremanezumab, than placebo in Study 30049 (71.2 and 70.5 vs. 64.0%) [n = 379, 376 and 375] [16] . Most TEAEs were mild or moderate in severity [15, 16] . Treatment-related adverse events occurred in 47.6, 47.1 and 37.2% of patients receiving monthly fremanezumab, quarterly fremanezumab and placebo, respectively, in Study 30050 [15] and in 51.2, 49.5 and 42.4% of patients, respectively, in Study 30049 [16] .
In a pooled analysis of Study 30050 [15] and Study 30049 [16] , the most frequently reported [occurring in ≥ 2% of patients in either the monthly (n = 669) or quarterly (n = 667) fremanezumab groups and with a numerically higher incidence in the fremanezumab groups than the placebo group (n = 668)] adverse reactions (during the 3-month treatment period and 1-month follow-up period) were injection-site reactions (43 and 45 vs. 38%) [3] . In the monthly fremanezumab, quarterly fremanezumab and placebo groups, respectively, of Study 30050 [15] The incidences of serious TEAEs and TEAEs resulting in discontinuation were low (< 3%) and similar across the treatment groups [15, 16] . One quarterly fremanezumab recipient in each study died (from suicide [15] and chronic obstructive pulmonary disease [16] ), with each death considered to be unrelated to the study medication [15, 16] . In Study 30050 [15] , there were no clinically relevant changes in laboratory parameters (including liver function tests); in Study 30049 [16] , an alanine transaminase or aspartate aminotransferase level ≥ 3 × the upper limit of normal (ULN), a total bilirubin level ≥ 2 × ULN or an international normalized ratio > 1.5 each occurred in < 1% of patients in each treatment group. Results (available as an abstract) from pooled data (n = 2512) from four placebo-controlled studies suggests that fremanezumab has no cardiovascular safety signal [22] . At the data cut-off date of 26 September 2017 (mean duration of exposure of 244.8 days), cardiovascular TEAEs had occurred infrequently, with a similar incidence seen between patients receiving fremanezumab and placebo. The most frequently reported (occurring in ≥ 10 patients) cardiovascular TEAEs reported in patients receiving fremanezumab were hypertension (2%), hot flush (< 1%) and palpitations (< 1%) [22] .
Longer-term (up to 12 months) therapy with fremanezumab appears to be generally safe and well tolerated, according to preliminary data (available as an abstract) from the ongoing HALO study [19] . At the time of the interim analysis, the most frequently reported TEAEs were mild to moderate injection-site reactions and pruritus, only 4% of patients had discontinued the study due to adverse events and no deaths had been reported [19] .
In 3-month placebo-controlled studies, treatment-emergent anti-drug antibody (ADA) responses were seen in 6 (< 1%) of 1701 patients receiving fremanezumab, with 1 patient developing anti-fremanezumab neutralizing antibodies (at day 84) [3] . In the ongoing longer-term open-label study, ADAs were detected in 30 (1.6%) of 1888 patients receiving fremanezumab, with 17 demonstrating neutralizing activity in their post-dose samples [3] .
Ongoing Clinical Trials
There are several ongoing phase II/III (NCT03303079; NCT03303092) and III [NCT03303105; NCT02638103 (HALO); NCT03308968 (FOCUS)] studies of fremanezumab for the preventive treatment of migraine. NCT03303079, NCT03303092 and NCT03303105 are currently recruiting patients in Japan. HALO and FOCUS are both randomized, double-blind, placebo-controlled, multinational studies; HALO has enrolled 1890 patients and is evaluating the long-term (74-78 weeks) efficacy, safety and tolerability of fremanezumab, while FOCUS has enrolled 838 patients with an inadequate response to prior preventive treatments and is evaluating the short-term (12 weeks) efficacy and safety of fremanezumab.
Current Status
Fremanezumab received its first global approval on 14 September 2018 in the USA for the preventive treatment of migraine in adults [3] .
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